INTRODUCTION 39 40
Yersinia pestis is the etiologic agent of plague, a zoonotic disease that also occurs in human 41 populations. Y. pestis is one of the most lethal bacterial pathogens, and has caused several huge 42 catastrophes in human history (Perry & Fetherston, 1997) . Y. pestis employs a range of virulence 43 factors that confer efficient adherence to host cells/tissues, subvert host functions, and enable it 44 to combat host defenses. Several virulence determinants in Y. pestis for responsiveness to 45 environmental cues have been identified (Cornelis, 2002 , Yamashita et al., 2011 , Lindler & Tall, 46 1993 ). Among them, PsaA ("pH 6 antigen") was first characterized in 1961 by Ben-Efraim and 47 coworkers, and exists in all strains of Y. pestis. PsaA has been reported to be synthesized only at 48 temperatures above 34 °C and pH below 6.7 (Ben-Efraim et al., 1961) . Y. pestis PsaA was 49 reported to be a surface-exposed structure mediating agglutination of erythrocytes from several 50 mammalian species (Bichowsky-Slomnicki & Ben-Efraim, 1963) . PsaA forms a fimbrial 51 structure with 3-5 nm diameter, and expression was reported to be induced by intracellular 52 association with macrophages (Lindler & Tall, 1993) . Y. pestis PsaA does not enhance adhesion 53 to mouse macrophages, but promotes resistance to phagocytosis (Huang & Lindler, 2004) . 54
Yersinia PsaA is responsible for thermo-inducible adhesion to cultured mammalian cells in 55 addition to mediating haemagglutination (Bichowsky-Slomnicki & Ben-Efraim, 1963 , Felek et 56 al., 2007 , Galvan et al., 2007 , Lindler & Tall, 1993 , Yang et al., 1996 , Payne et al., 1998 , 57 Zav'yalov et al., 1996 , Makoveichuk et al., 2003 . 58 59 Expression of PsaA is positively regulated by low pH combined with mammalian temperature, 60 and by the PsaE and PsaF proteins encoded in the upstream locus (psaEF) (Price et al., 1995, 61 Previous studies showed that Y. pestis PsaA expression is only detected in cells grown at 80 temperatures above 36 °C and pH below 6.7 (Lindler et al., 1990 , Ben-Efraim et al., 1961 , Price 81 et al., 1995 . Using Western blotting with a PsaA-specific antibody, we confirmed this result: we 82 were unable to detect PsaA expression from Y. pestis KIM6+ cells grown at 28 °C and pH 6.0 83 (28 °C/pH 6.0), 28 °C and pH 8.0 (28 °C/pH 8.0), and 37 °C and pH 8.0 (37 °C/pH 8.0), but we 84 detected robust expression at 37 °C and pH 6.0 (37 °C/pH 6.0) ( Figure 1A) . 85
86
To determine whether temperature-dependent, pH-dependent regulation of PsaA occurs at the 87 transcriptional or post-transcriptional level, we inserted the lacZY reporter construct downstream 88 of the psaA gene in the Y. pestis KIM6+ chromosome. In this strain, lacZ expression, and hence 89 β -galactosidase activity, is completely dependent upon transcription of the upstream psaA. We 90 detected robust β -galactosidase activity for cells grown at 37 °C/pH 6.0, but not for cells grown 91 at 28 °C/pH 6.0, 28 °C/pH 8.0, or 37 °C/pH 8.0 ( Figure 1B ). We conclude that temperature and 92 pH modulate expression of psaA at the level of transcription, consistent with previous studies in 93 Y. pestis (Price et al., 1995) and Y. pseudotuberculosis (Yang & Isberg, 1997) . 94 95 To investigate the chromosomal region required for transcription regulation of psaA, we 96 transcriptionally fused the full 529 bp psaA upstream region to a promoterless lacZY in a reporter 97 plasmid (referred to P1; Table 1 ). We then transformed the P1 plasmid into Y. pestis KIM6+ and 98 determined lacZY expression using a β -galactosidase assay. We detected robust β -galactosidase 99 activity for cells grown at 37 °C/pH 6.0, but not for cells grown at 28 °C/pH 6.0, 28 °C/pH 8.0 or 100 37 °C/pH 8.0 ( Figure 1B ). We conclude that the cis-acting elements required for temperature-101 and pH-dependent modulation of psaA expression are located in the upstream region. 102
Previous studies have shown that expression of psaA is dependent upon PsaE in Y. pestis, and is 105 dependent upon PsaE and PsaF in Y. pseudotuberculosis (Price et al., 1995 , Yang & Isberg, 1997 , 106 Lindler et al., 1990 . To determine whether PsaE and PsaF regulate Y. pestis psaA expression via 107 the cis-acting element(s) in the upstream region, we introduced the P1 psaA::lacZ reporter 108 plasmid into wild-type Y. pestis KIM6+, and into Δ psaE and Δ psaF derivates. We detected 109 robust β -galactosidase activity at 37 °C/pH 6.0, and activity was abolished in the Δ psaE and 110 Δ psaF mutants (Figure 2A ). Similarly, we detected robust expression of PsaA by Western blot in 111 wild-type Y. pestis KIM6+, but not in the Δ psaE or Δ psaF mutants ( Figure 2B ). Expression of 112 the psaA::lacZ reporter was restored in the Δ psaE and Δ psaF mutants respectively upon 113 expression of respective PsaE or PsaF from an inducible plasmid ( Figure 2C-D) . In all cases, 114 expression of the psaA::lacZ reporter was only detected at 37 °C/pH 6.0. We conclude that both 115 PsaE and PsaF are required for the transcriptional induction of Y. pestis psaA by temperature and 116 pH, and that PsaE/F function through cis-acting elements in the psaA upstream region. 117 7 inserted the lacZY reporter construct downstream of the psaEF operon in the Y. pestis KIM6+ 123 chromosome. We then measured expression of the psaEF::lacZY fusion using a β -galactosidase 124 assay. We detected β -galactosidase activity for cells grown at 28 °C/pH 6.0, 28 °C/pH 8.0, 125 37 °C/pH 6.0 and 37 °C/pH 8.0. However, activity was ~3-fold higher for cells grown at 126 37 °C/pH 6.0 ( Figure 3A) . We observed a similar, but more pronounced increase in PsaE protein 127 levels by Western blot for cells grown at 37 °C/pH 6.0 ( Figure 3B) . 128
129
A previous study showed that psaE and psaF transcription in Y. pseudotuberculosis is not subject 130 to regulation by variations of temperature or pH (Yang & Isberg, 1997) . Moreover, Y. pestis 131 PsaE protein levels were undetectable in the non-inducing conditions whereas expression of the 132 psaEF::lacZY fusion was only modestly induced by temperature and pH (compare Figure 3A and 133 3B). Therefore, we speculated that PsaE expression might also be controlled post-134 transcriptionally. To test whether PsaE expression is regulated at the level of protein production 135 and/or stability, we overexpressed PsaE from an inducible plasmid in Y. pestis KIM6+ Δ psaE 136 and measured PsaE protein levels by Western blot. We only detected PsaE in cells grown at 137 37 °C/pH 6.0 ( Figure 3C ), indicating that PsaE is regulated post-transcriptionally by temperature 138 and pH. Post-transcriptional regulation of PsaE was also observed in a Y. pestis KIM6+ Δ psaF 139 strain, indicating that regulation is not dependent upon PsaF. 140 141
Genome-wide detection of PsaE binding and regulation 142
The N-terminal region of PsaE (amino acids 1-94) is predicted to bind DNA 143 (https://www.uniprot.org/uniprot/P68588), suggesting that PsaE regulates psaA transcription by 144 functioning as a DNA-binding transcription factor. To determine the PsaE regulon, we used a 145 combination of ChIP-seq and RNA-seq to identify sites of PsaE binding and regulation on a 146 genomic scale. ChIP-seq identifies binding sites for DNA-binding proteins, but does not provide 147 information on whether binding DNA is associated to transcription regulation. RNA-seq can 148 identify changes in RNA levels that are dependent upon a transcription factor, but cannot be used 149 to determine whether instances of regulation are direct or indirect. By combining ChIP-seq and 150 RNA-seq, it is possible to identify sites of direct regulation. 151
152
We constructed PsaE-FLAG and PsaE-His tagged strains of Y. pestis KIM6+, with the tags 153 introduced at the native psaE locus. Insertion of the tags did not affect PsaA expression levels 154 ( Fig. S1 ). We then performed ChIP-seq for each of the tagged strains. We detected 218 sites of 155 PsaE enrichment across the chromosome, with the pattern of enrichment being very similar for 156 each of the two tagged strains ( Figure 4A ). No equivalent enrichment was detected in control 157
ChIP-seq experiments using an untagged strain ( Figure 4A ). One of the most highly enriched 158 regions was identified upstream of psaE, with strong enrichment also observed nearby, upstream 159 of psaE ( Figure 4B ). We identified a highly enriched sequence motif within the 218 PsaE-bound 160 regions ( Figure 4B ; Supplementary Table 1) , with an instance of the motif being found for each 161 of the 218 regions. The sequence motif was significantly centrally enriched with respect to the 162 peaks of ChIP-seq signal (p = 2.9e -11 ), strongly suggesting that the motif corresponds to the PsaE 163 binding sequence. 164
165
Most ChIP-seq studies of bacterial DNA-binding transcription factors identify <50 sites. 166
However, in some cases, transcription factors have been observed to bind at hundreds of DNA 167 sites, as is the case for PsaE (Galagan et al., 2013b) . In cases where transcription factors 168 9 bind >100 sites, most sites are usually located within genes, suggesting a random distribution of 169 non-regulatory sites across the chromosome (Galagan et al., 2013b) . Strikingly, 54% of PsaE-170 bound sites fall in intergenic regions, a far higher fraction than the 17% of the genome that is 171 intergenic. Thus, PsaE binding is strongly enriched for intergenic regions. Moreover, PsaE 172 binding is strongly associated with A/T-rich sequence, with only four of the 218 PsaE-bound 173 regions having an A/T content below 50%; the median A/T content of PsaE-bound regions is 174 67.3%. By contrast, the A/T content of the Y. pestis KIM6+ chromosome is 52.3%. Consistent 175 with PsaE binding in regions of high A/T content, the PsaE binding site motif is strongly A/T-176 rich ( Figure 4B ). 177
178
We next determined which genes are regulated by PsaE by using RNA-seq to compare RNA 179 levels genome-wide in wild-type Y. pestis KIM6+ and a Δ psaE mutant. Thus, we identified 127 180 differentially regulated genes between the two strains ( Figure 5 ; Supplementary Table 2 ). The 181 most strongly differentially regulated genes were psaA, psaB, psaC, and psaF ( Figure 5 ). A 182 previous study suggested that psaA is transcribed as a monocistronic RNA (Price et al., 1995) . 183
Although we observed PsaE-dependent regulation of the two genes downstream of psaA (i.e. 184 psaB and psaC), the absolute RNA level for psaA is ~1,000 times higher than that for psaB and 185 psaC, strongly suggesting that the observed regulation of psaB and psaC by PsaE is due to low-186 level read-through of the psaA transcription terminator. Of the remaining 123 PsaE-regulated 187 genes, only five are located within a -100 to +500 bp window relative to PsaE-bound regions 188 identified by ChIP-seq ( Figure 5 ; Supplementary Table 2 Our data suggest that PsaE regulates transcription of psaA using a cis-acting element in the psaA 197 upstream region. Given that we identified binding of PsaE upstream of psaA, we speculated that 198 one or more PsaE binding site in the psaA upstream region is required for regulation by PsaE. 199 There are several good matches to the PsaE binding motif in the psaA upstream region. 200
Consistent with this, the profile of ChIP-seq enrichment suggests the presence of at least two 201 PsaE binding sites ( Figure 4B ). To begin to map the site of PsaE binding, we made derivatives of 202 the P1 psaA::lacZ reporter plasmid with progressive truncations of the start of the psaA upstream 203 region. We refer to these reporter plasmids as P2, P3, P4, P5, P6, P7 and P8 ( Figure 6A ). We 204 introduced these plasmids into Y. pestis KIM6+ and measured β -galactosidase activity in cells 205 grown at 28 °C/pH 6.0, 28 °C/pH 8.0, 37 °C/pH 6.0 or 37 °C/pH 8.0. For all reporter fusions, no 206 activity was observed under non-inducing conditions (i.e. 28 °C/pH 6.0, 28 °C/pH 8.0 and 207 37 °C/pH 8.0; Figure 6B ). We detected robust β -galactosidase activity under inducing conditions 208 (i.e. 37 °C/pH 6.0) for P1-P6, but not for P7 or P8 ( Figure 6B ). These data strongly suggest that 209
the key binding site(s) for PsaE are located in the region from -333 to -292 relative to the start 210 codon of psaA. Consistent with this idea, the region from -333 to -292 contains two strong 211 matches to the PsaA binding motif identified from ChIP-seq data ( Figure 6A ), and the profile of 212 11 To test whether the predicted PsaE binding sites are required for transcription activation of psaA 215 by PsaE, we modified the P5 plasmid by introducing two substitutions in each putative site that 216
alter key positions as predicted from the binding site motif (compare Figure 6 and Figure 4C ). 217
We refer to this mutated plasmid as P5m. We then introduced the P5 and P5m plasmids into Y. 218 pestis KIM6+ and measured β -galactosidase activity in cells grown at 28 °C/pH 6.0, 28 °C/pH 219 8.0, 37 °C/pH 6.0 or 37 °C/pH 8.0. Expression of the psaA::lacZ fusion under inducing 220 conditions was abolished in the P5m mutant construct ( Figure 6C ). We conclude PsaE binds to 221 one or both of the putative sites in the region from -333 to -292, and that binding to one or both 222 of these sites is critical for transcription activation of psaA. Figure 3A ). Interestingly, a previous study of psaA 235 regulation in Y. pseudotuberculosis showed that psaEF transcription is not regulated by 236 temperature or pH (Yang & Isberg, 1997) . Thus, the mechanisms by which temperature and pH 237 control PsaE activity may differ between species. Nonetheless, control of PsaE activity by 238 temperature and pH appears to be a widespread phenomenon, since a psaA homologue in 239
Yersinia enterocolitica, myfA, is also transcriptionally activated by high temperature and low pH, 240 and requires homologues of psaE and psaF for maximal expression (Iriarte & Cornelis, 1995) . 241 242 PsaE has an unusually large number of binding sites across entire genome (218 putative binding 243 sites). For comparison, ChIP-seq data for CRP in Enterotoxigenic E. coli identified 111 sites, and 244 CRP is considered to be a global regulator with one of the largest regulons of any E. coli 245 transcription factor (Haycocks et al., 2015) . Some bacterial transcription factors bind large 246 numbers of sites that appear to lack regulatory activity (Galagan et al., 2013a , Wade et al., 2007 . 247
However, these sites are typically distributed proportionally between intergenic and genic 248 13 locations, which means that most fall within genes, since bacterial genomes are composed 249 mainly of genic sequence. By contrast, PsaE sites are highly enriched for intergenic regions 250 (Binomial test p < 1e -15 ), strongly suggesting that PsaE regulates transcription of the downstream 251 genes and may be a global regulator, directly controlling the transcription of hundreds of genes. 252
However, we observed strong PsaE-dependent regulation of only two operons, psaABC and 253 psaEF; the proximity of a handful of weakly PsaE-regulated to PsaE binding sites is likely 254 coincidental. Our data are consistent with PsaE/F autoregulation, although reduced psaF 255 expression in the Δ psaE mutant could be due to the altered upstream sequence for psaF, 256 especially since this region has been implicated in controlling PsaF translation (Quinn et al., 257 2019) . 258 259 One possible explanation for why PsaE binds so many intragenic sites but is associated with so 260 little detectable regulation is that regulation may require additional factors that are inactive under 261 the growth conditions we used. Consistent with this idea, several other transcription factors have 262 been implicated in controlling expression of psaA, including RovA (Cathelyn et al., 2006 , 263 Cathelyn et al., 2007 , Zhang et al., 2013 , CpxR (Liu et al., 2011 ), PhoP (Zhang et al., 2013 and 264
Fur (Zhou et al., 2006) . Intriguingly, several PsaE binding sites, including the site with the most 265 enrichment in the ChIP-seq data, are upstream of genes associated with iron acquisition: feoABC, 266 yiuA, and ftn, suggesting that PsaE may collaborate with the same transcription factor to regulate 267 these genes. 268
269
The very high A/T content of sequences surrounding PsaE binding sites suggests a connection to 270 the nucleoid-associated protein H-NS. A/T-rich regions of γ -proteobacterial genomes are very 271 strongly associated with transcriptional silencing by H-NS (Navarre et al., 2006 , Singh et al., 272 2014 , Lucchini et al., 2006 , Grainger et al., 2006 , Oshima et al., 2006 , and H-NS has a well-273 established role in selectively repressing virulence genes in Yersinia (Stoebel et al., 2008) . Many 274 virulence-associated transcription factors in a wide range of bacterial species activate 275 transcription by binding in H-NS-bound genomic regions and counteracting the repressive 276 effects of H-NS (Stoebel et al., 2008 , Will et al., 2014 . We suggest that many of the intergenic 277 All strains used in this study and their sources are listed in Table 1 . Conditions and media used 301 for growing strains of Y. pestis and E. coli were described previously (Sun et al., 2008) . For 302 determination of PsaA expression at various growth conditions, Y. pestis was grown in Heart 303
Infusion broth (Difco) adjusted to either pH 8.0 or pH 6.0 with NaOH or HCl, respectively. After 304 autoclaving, 2.5 mM CaCl 2 and 0.2% (wt/vol) xylose were added (Lindler et al., 1990) . 305
Chloramphenicol (Cm), Spectinomycin (Sp), and ampicillin (Ap) were added to the media at 306 final concentrations of 20, 50, and 100 μ g/ml, respectively. 307 308
Plasmid Construction 309
All plasmids used in this study are described in Table 1 . Primers used for PCR amplification are 310 listed in in Supplementary Table 3 . DNA manipulations were performed following standard 311 methods (Sambrook, 1989) , and all constructed plasmids were confirmed by DNA sequencing. 312 313
Strain construction 314
To construct Y. pestis mutant strains, the corresponding suicide plasmid was conjugationally 315 transferred from E. coli χ 7213 (Wang et al., 2010) to the Y. pestis strain. Single-crossover 316 insertion strains were isolated on TBA agar plates containing Cm. Loss of the suicide vector 317 sequence after the second recombination between homologous regions (i.e., allelic exchange) 318 was selected by using the SacB-based sucrose sensitivity counter-selection system (Sun et al., 319 2008) . A lacZY gene cassette was integrated in the deleted chromosomal psaA or psaEF location 320 using plasmid pKG136, which was inserted into the FLP recombination target sequence 321 generated after the FRT-Cm R -FRT cassette was removed using plasmid pCP20 (Ellermeier et al., 322 2002 , Song et al., 2008 . 323 324
Western blotting 325
Bacteria grown at different conditions were pelleted and boiled in gel loading dye, separated by 326 sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 12.5% 327 polyacrylamide. Proteins were transferred to nitrocellulose membranes for Western blot analysis. 328
Loading was normalized based on optical density (OD 600 ) of bacterial culture. Membranes were 329 blocked with 5% skimmed milk in PBS, incubated with primary antibody, specifically rabbit 330 polyclonal anti-PsaA (1:10,000) and mAb anti-His (1:2,000) to probe for PsaA and PsaE-His 6 , 331 respectively. Membranes were then incubated with goat anti-rabbit immunoglobulin G (IgG) 332 alkaline phosphatase-conjugated (1:10,000) or goat anti-mouse IgG horseradish peroxidase 333 (HRP)-conjugated (1:10,000) secondary antibody (Sigma, St. Louis, MO). Immunoreactive 334 bands were detected by the addition of NBT/BCIP (Sigma, St. Louis, MO) and 335 chemiluminescent substrates (Bio-Rad, CA). 336 337 β-Galactosidase Assays 338 β -galactosidase assays (Miller, 1972) were carried out in triplicate, and activity was determined 339 using a SpectraMax. 340PC plate reader (Molecular Device). The data correspond to three 340 independent assays conducted in duplicate, and values shown are the mean, with error bars 341 indicating one standard deviation. 342 343 Briefly, KIM6+ and YPS24 (psaE-His) were grown in HIB at 37 °C, pH6 to an OD 600 of 0.6 to 345 0.8. Sonicated lysates were prepared as previously described (Bonocora & Wade, 2015) . ChIP-346 seq libraries were prepared as previously described (Bonocora & Wade, 2015) , using 2 µg anti-347
His tag monoclonal antibody and 25 µL Protein G Sepharose slurry, or 2 µL M2 anti-FLAG 348 antibody (Sigma) and 25 µL Protein A Sepharose slurry. Sequencing was performed using an 349 Illumina Next-Seq Instrument (Wadsworth Center Applied Genomic Technologies Core). 350
Sequence reads were aligned to the Y. pestis KIM6+ genome sequence using the CLC Genomics 351 Workbench (version 9). Statistically significant (false discover rate of 0.01) enriched regions 352 were identified as previously described (Fitzgerald et al., 2014) , treating the PsaE-His and PsaE-353 FLAG datasets as independent replicates. 354 355
ChIP-seq motif analysis 356
We extracted 101 bp DNA sequence centered around each ChIP-seq peak. We merged ChIP-seq 357 peaks within 100 bp of each other. We used MEME (version 5.0.5; default settings) to identify 358 an enriched sequence motif (Bailey & Elkan, 1994) . The position of motifs identified by MEME 359 was compared to the ChIP-seq peak center position using Centrimo (Bailey & Machanick, 2012) 360 (version 5.0.5; default settings). 361
362

RNA-seq 363
RNA-seq was performed in strains KIM6+ and YPS21 (ΔpsaE). Bacteria cultured overnight in 364 pH 8.0 of HIB media at 28 °C were collected and reinoculated in the pH 6 of HIB media and 365 cultured at 37 °C for 4 h. One ml cells were pelleted in a microcentrifuge for 1 min at full speed 366 19 and washed once with Tris-buffered saline. RNA was purified from bacterial cells using the 367 We thank Dr. Roy Curtiss III for providing E. coli and Y. pestis strains, and different plasmids in 389 this study. We thank the Wadsworth Center Applied Genomic Technologies Core Facility for 390 DNA sequencing. We thank the Wadsworth Center Tissue Culture and Media Core Facility and 391
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